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Flow Model of Offshore Input of Nitrogen into the Narragansett Bay
Christopher Sireci, Geosciences
Sponsor: Christopher Kincaid, PhD, Graduate School of Oceanography; Important Contribution: Nicole Flecchia, Graduate School of Oceanography
Introduction
Narragansett Bay has undergone significant natural and man-
made changes. By 1990, nitrogen levels had increased by 5 times 
since prehistoric times, due to inputs from sewage and fertilizers
(Oviatt et al, 2017). While nitrogen is an important nutrient in 
ecosystems, too much of it can cause harmful effects, such as 
algal blooms that create anoxic zones. In 1995, Nixon et al 
attempted at a mass balance for the Narragansett Bay for 
nitrogen, phosphorus, and carbon. The study took direct 
measurements of atmospheric and land-sourced nitrogen. 
However, the study used only indirect methods to calculate 
offshore sources of these nutrients, including nitrogen, and 
claimed for it to only account for about 15% of the total input to 
the bay.  Recent data show strong non-tidal currents entering the 
Bay through the East Passage. Nitrogen data collected in this 
current was inputted to a simple ocean flow and transport 
model to simulate how nitrogen can make it from the Bay 
mouth into the photic zone of the highly productive regions of 
mid-Narragansett Bay. Results show oceanic nitrogen may play a 
larger role in the Bay than originally thought.
Methods
Data Collection
• Conductivity Temperature and Depth (CTD): Device that measures 
water temperatures and conductivity in relation to depth (NOAA). 
• Niskin Bottle: Specialized device with openings on both ends that can 
be closed simultaneously. Used to collect water samples at depth 
(Pinet, 2014).
• Acoustic Doppler Current Profiler (ADCP): A device that uses acoustic 
pulses to measure current velocity in a water column (Brumley et al., 
1998)
• Original CTD data and water samples were collected in the mouth of 
the East Passage at 3 ADCP locations (see Figure 1), by Chris Sireci, 
Nicole Flecchia, and Dr. Chris Kincaid, on 2 October 2019 onboard a 
maritime skiff. 
Data Analysis
• Observed Data
• Samples were analyzed for dissolved inorganic nitrogen (DIN) 
content, specifically of ammonium (NH4
+), nitrate (NO3), and 
nitrite (NO2), using QuikChem® sample protocols. Analysis was 
conducted by Dawn Outram at the Marine Science Research 
Facility at the URI Graduate School of Oceanography (Lachat 
Instruments QuikChem® methods dated 2 May 2008, 16 May 
2008, and 18 September 2008).
• Temperature measurements were taken from the onboard CTD 
during the sample collection. 
• Modeled Data
• The Model code was provided by Dr. Chris Kincaid and his OCG 
506 class. 
• The Model is a 2-d approximation of the East Passage, with a 
N-S length of 20km and a depth of 30m. It solves 2-d advection 
and diffusion equations for temperature and nitrogen. The 
previously collected data are used to inform both of these 
model components. Boundary conditions for both temperature 
and DIN were added at the head and mouth of the Bay model 
to keep flow from leaving the dimension parameters.
• ADCP Flow data provided by Dr. Chris Kincaid and Dr. David 
Ullman, from a deployment of 4 ADCPs for 5 months (Aug-Dec 
2018), was used to calibrate the residual, non-tidal northward 
flow vs. depth used in the OCG 506 numerical circulation / 
transport models.
• The Model was run 27 times using low, medium and high 
values for outward river flow, vertical diffusivity, and pressure 
gradient at the bay mouth, to help determine prevailing factors 
that affect intrusion rate.
Observation Results
Model Results
Discussion
• The main goal of the model is to combine nitrogen data taken 
from the Bay mouth with a predictive model to see how fast 
intruding oceanic nitrogen moves up the Bay.
• This first-of-a-kind data on lateral variability in DIN is important 
to the ongoing C-AIM/EPSCOR project because it supports the 
hypothesis that time series data collected at the Castle Hill Light 
Pump Station will be representative of the entire cross section.
• Secchi disk data taken from the top of the West Passage 
suggests that the photic zone, where plankton grows, is on 
average 3 meters deep, with a max of 6.5 meters (Narragansett 
Bay Long Term Time Series, 2020). The lowest values of DIN 
reaching the photic zone occurred with high river flow and low 
pressure  gradient and vertical diffusivity. 
• More complicated models have been performed in both the 
Long Island Sound (LIS) and Chesapeake Bay. They were both 3-
d, and took into account other nutrients and nutrient sources, 
in addition to plankton growth (Cerco and Cole, 1993) (NY 
Department of Environmental Protection, 2001). 
• The Chesapeake model reported that oceanic sources of DIN 
contributed more to the nitrogen budget of the bay than other 
sources (Cerco and Meyers, 2000)
• The LIS model showed that there was a higher concentration of 
DIN in the rivers and tributaries than in the main body of the 
Sound (NY Department of Environmental Protection, 2001).
• The East Passage model is primitive compared these two. It 
does not take into account plankton populations, atmospheric 
and land inputs of DIN and other nutrients, and is 2-
dimensional. In addition, the Chesapeake Bay and LIS models 
mapped out their respective geography and shape, while the 
East Passage model has been simplified to a rectangle. Also, our 
model’s data were taken on one day instead of over a period of 
time.
• As a result of these limitations, our model does not include the 
seasonal changes and environmental interactions that the other 
models have. What this model does show is that, even with 
lower driving forces, the oceanic water coming in from the Bay 
mouth travels as far as 20km up the Bay and reaches the mid-
Bay photic zone in 2 days, reaching steady state values in about 
10 days. In addition, it showed the potential importance of river 
flow compared to other variables, as it had the most effect on 
the two-layered flow. The preservation of this layered flow is 
important, as it has been directly observed in the East Passage 
(Kincaid, Bergondo & Rosenberger, 2008). 
• While this nitrogen input seems small compared to that of 
wastewater (~607 uM monthly, Schmidt et al, 2016), this is the 
result of a 2-d model. The East Passage was about 1.6 km wide 
where our samples were taken, representing a potentially 
massive volume of DIN that our model cannot account for. In 
addition, our samples show that nitrogen does not vary greatly 
across the Bay, suggesting that DIN is rather evenly distributed. 
• More funding would be required to sample Bay mouth data 
over an extended period of time and to create a more accurate 
3-d model. 
• Such a model would allow the Bay’s environmental managers to 
better assess the cost-benefit of nitrogen reduction in local 
water treatment vs. the contribution of natural/external 
nitrogen sources.  
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Figure 2: Concentration of DIN at 6 , 18, and 30 meters (converted from feet) at 3 locations from east to west along the East Passage derived from (a) NO3, (b) NO2, and (c) NH4
+. 
The Locations axis in the graphs refer to the 3 ADCP locations depicted in Figure 1. The first samples were taken at the Pump House station near the Castle Hill Lighthouse. From 
there, the Central East Passage and Western East Passage sites were visited for sample collection. These ADCPs form a line from Castle Hill Lighthouse to Southwest Point, across 
the Lower East Passage. This provided DIN comparisons across the width of this Bay entrance, which is the dimension omitted from the flow model. DIN varies consistently with 
depth, with deeper water having higher DIN values. However, there is no set pattern of lateral variability, and the variation that does occur is small. 
Figure 1: Location 
of 3 ADCPs 
(marked by green 
pins) where 
samples were 
taken on 2 
October 2019. 
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Figure 3: Frames show time evolution of DIN (left) and 
temperature (right) in north-south cross-sectional view, from 
East Passage mouth to mid bay at (a,e) 0 hours, (b,f) 80 
hours, (c,g) 240 hours, and (d,h) 480 hours. Across all model 
cases, steady state flow was achieved between 150 and 300 
hours, with an average of 240. Results show how 2-layer 
estuarine flow and eddy diffusion work to move temperatures 
and DIN within the system. Deep water carries high DIN water 
(fig. 3a) northward from the mouth, while vertical eddy 
diffusion mixes this signal upwards in the water column, into 
the photic zone (fig. 3b-d). Similarly, deep inflows are seen to 
advect cool shelf water northward (Fig. 3, e-h), which 
combines with warm surface outflows to produce thermal 
stratification. This particular model case used medium values 
for B0, Kvx, and Uo to provide a baseline to compare other 
cases to. This all-mediums case is repeated in frame (b) of 
Figs. 4-6 to provide a reference point for parameter changes 
Special attention is given to the evolution of nitrogen in the 
surface layers of the shallow mid-Bay (C1), as it is a highly 
productive area. No nitrogen values were given to the river 
flows, to isolate on oceanic shelf DIN. Parameter values in 
Figures 3-6 are not repeated if they are static as the model 
progresses, to allow differences that occur to be isolated and 
compared. Refer to Table 1 for identification of parameters.
Figure 4: Comparison of DIN transport up 
the East Passage, after completion of the 
model, with B0 values of (a) 1.2e-5, (b) 
1.4e-5, and (c) 1.6e-5 g/cm2s2. The 
pressure gradient at the mouth of the bay is 
the main driving force of the oceanic 
intrusion. Higher B0 values result in higher 
C1 values at the end of the model run. As a 
result, increasing pressure gradient 
increases the intrusion velocity (Ui), driving 
the flow forward and then upward as it hits 
the model boundary.
Figure 5: Comparison of DIN transport up the 
East Passage, after completion of the model, with 
Kvx values of (a) 1.0, (b) 3.0, and (c) 5.0. Vertical 
diffusivity governs how easily DIN travels 
vertically independent of current flow. Higher Kvx 
values allowed higher concentrations of DIN in 
the upper layers of the water column across the 
Bay model. The lack of mixing at lower Kvx 
values creates a more defined border between 
warm and DIN-poor outward flow vs. the cold and 
DIN-rich inward intrusion. 
Figure 6: Comparison of nitrogen transport up the East 
Passage, after completion of the model, with Uo values 
of (a) 10, (b) 20 , and (c) 30. Refer to Figure 3 for 
variable identification. The river flow moves south 
towards the bay mouth and opposes the advance of the 
oceanic intrusion. In the model, the pressure gradient 
and river flow values opposed each other, changing the 
intrusion velocity Ui as they changed, because Ui is a 
dependent variable whose value is determined by model 
inputs. Changing river flow had a more significant impact 
on the amount of DIN reaching the surface waters at the 
head of the bay than pressure gradient and vertical 
diffusivity.
Variable Value Units
B0 Pressure Gradient g/cm2s2
Kvx Vertical Diffusivity cm2/s
Uo River Flow out of the Bay cm/s
Ui Intrusion Velocity at Bay Mouth cm/s
C1 Surface DIN at Mid-Bay umol
Co Bottom DIN at Bay Mouth umol
T1 Surface Temperature at Mid-Bay °C
To Bottom Temperature at Bay Mouth °C
Table 1: An index of the parameters used in the flow model. The 
pressure gradient (B0), vertical diffusivity (Kvx), and river flow (Uo) 
are all independent variables that were inputted directly into the 
model. The intrusion velocity (Ui) is a dependent variable whose 
value is governed by Uo and B0. The DIN concentration (C1, Co) 
and temperature (T1, To) are also dependent variables governed by 
the flow parameters and the collected DIN and temperature values, 
respectively. Pressure gradient is produced by shelf-to-estuary 
density differences. 
